The aim of this study is to develop a robust CFD model for predicting fluid dynamics in a gasification reactor. Experimental tests are performed. A cylindrical bed with pressure sensors is used in the experimental study. A series of simulations are performed using the commercial CFD tool ANSYS Fluent 12.1. A multi-fluid Eulerian model incorporating the kinetic theory of granular flow is applied in the simulations. Fluidized bed reactors in biomass gasification processes use steam as a fluidizing gas. High temperature makes it difficult to study the flow behaviour under the operating conditions. A cold flow model is constructed to study the fluid dynamics. Air at ambient conditions is used as the fluidizing gas for the cold model. The density and viscosity variation between air at ambient temperature and steam at high temperature results in different flow behaviour. The CFD model is developed to also be able to predict the flow behaviour of steam fluidized beds. Computational minimum fluidization velocity, bed expansion ratio pressure drop and pressure standard deviation agree well with experimental measurements. A computational model has been developed and validated against experimental data. The validated CFD-model can be useful in the study of flow behaviour of high temperature steam fluidized gasification reactors.
Introduction
Gas-solid fluidized bed reactors are widely used in biomass gasification technology. The fluidizing gas in the reactors is steam at high temperature. Study of the flow behaviour inside the hot bed is difficult. Most of the design and optimization of the reactors are still based on the empirical methods. Alternatively, down-scaled pilot plants and cold flow models are constructed. In the cold flow model, air at ambient conditions is used as the fluidizing gas. Air at ambient condition and high temperature steam has different density and viscosity. The density and viscosity effect in the flow behaviour and fluidization properties. The computational fluid dynamics (CFD) offers an approach to the prediction of the flow behaviour. A validated model can be applied in the simulation of flow behaviour in a hot steam fluidized reactor. This can reduce the task of constructing pilot-scale and cold flow models.
Eulerian multi-fluid model is becoming more and more accepted in gas-solid fluidized bed simulations [1] . The model incorporating kinetic theory of granular flow considers both gas and solid as interpenetrating fluids. The objective is to establish a comparatively validated model. This requires agreement between the experimental and simulated results on parameters such as pressure drop, pressure standard deviation, bed expansion, minimum fluidization velocity and bubble behaviour.
A number of works on validation of the model have been published [2] [3] [4] [5] [6] . A reasonably good agreement between experimental and computational results is reported. The governing equations are mass and momentum balance. However, different drag models and constitutive equations have been used in the models. A set of the constitutive equation with drag model has been finalized by Jayarathna, S.A. [7] . This option is applied in this work. The computational analysis of minimum fluidization velocity and bubble behaviour using pressure standard deviation and fluctuation of solid volume fraction has been introduced. The air flowing through a uniform air distributer is controlled by the lab-view program in order to maintain a steady flow of gas. The air flow rate is controlled by air flow meter and the data are saved in the lab-view program.
Experimental set up
The particles in biomass gasification reactors are quartz sand of mean particle size 500 µm and density 2500 kg/m 3 . Similar particles are selected in the experimental work.
The physical properties of gas and particles used in the experiments are presented in Table 1 . A series of experiments are performed for a wide range of superficial air velocity. are the conservation of mass and momentum. The kinetic theory of granular flow considers the conservation of solid fluctuation energy [8] . Simulations are performed with air as fluidizing gas. The particles and properties are consistent to those used in the experiments. The simulation parameters used for the model are presented in Table 2 . Number of iterations per time step 40
The combination of the models used in the work is summarized in Table 3 . The combination of model is validated against the experimental data for different flow conditions [7] . 
Results and discussion
Minimum fluidization velocity is regarded as the most important parameter in the design of fluidized bed reactors [9] . Minimum fluidization velocity (u mf ) is experimentally determined plotting average pressure drop across the bed height as a function of superficial air velocity as shown in Figure 3 . Experimental measurement of minimum fluidization velocity for the glass particles is about 0.24 m/s. The pressure drop is 129 mbar and the bed expansion ratio is 1.03. The pressure drop is proportional to the gas velocity below minimum fluidization condition. Experimental average pressure drop as a function of superficial gas velocity. The contour of solid volume fraction at the height of 0.13m is presented in Figure 5 . The contours are at different superficial air velocity and at 8s of real time simulation. Bubbles start to appear at the superficial air velocity 0.28 m/s. The predicted minimum bubbling velocity is slightly higher than minimum fluidization velocity. The particles used in the study are characterized as Geldart B particles. For Geldart B particles, the minimum fluidization and minimum bubbling velocities are almost the same [9] . Bubble frequency is increased with increasing air velocity. Small bubbles are formed at the bottom of the bed and the size is increased as they rise along the bed height. Contours of solid volume fraction at different superficial air velocities.
The minimum bubbling velocities are also studied from the plot of time average solid volume fraction from simulation data at the bed height 0.13m and 0.23m. Figure 6 shows the solid volume fraction variation against time at the bed height of 0.23 m/s. Solid volume fraction as a function at the higher air velocities.
In Fig. 8 computational and experimental pressure drops are compared at the bed height of 0.13m.The pressure drop show good agreement at the gas velocity above the minimum fluidization. The deviation between the computational and experimental results is 7% at minimum fluidization. Above the minimum fluidization condition, the deviations are less than 7%. However, below minimum fluidization the deviation is significant. Eulerian multiphase model considers both the solid and gas as fluids. The model considers the bed fluidizing even at the gas velocity lower than minimum fluidization. Figure 9 shows a comparison of bed expansion in experiment and simulations. In both cases the bed expansion ratio is increased consistently with superficial air velocity. Simulated bed expansion is slightly lower than experimental. The average deviation of bed expansion between computational and experimental results is about 5%. At the higher air velocities, the experimental bed expansion is an average expansion. The bed height in the experiments is fluctuating and not constant at higher air velocities. Experimental and simulated bed expansion as a function of superficial air velocity. 
Conclusions

